The pathophysiological mechanism(s) of gastroesophageal reflux disease (GERD)-related chronic cough (CC) is unclear. We aimed to determine the mechanism of reflux-induced cough by synchronous monitoring of reflux episodes, esophageal motility, and cough.
| INTRODUC TI ON
According to the Montreal definition and classification, gastroesophageal reflux disease (GERD) causes esophageal and extra-esophageal symptoms. 1 Chronic cough (CC), defined as cough for more than 8 weeks, is accepted as a definite extra-esophageal symptom and affects estimated 9%-33% of European and US individuals with GERD. 2 GERD, asthma, and postnasal drip are considered as the most important factors contributing to chronic cough. Two possible pathophysiological mechanisms, namely "reflux theory" and "reflex theory," may cause reflux-induced cough episodes. 3 Acid reflux has been identified as one of the most important causes of chronic cough and some patients with CC benefit from anti-acid therapy. 4, 5 However, many patients experience significant adverse effects of anti-acid therapy without benefit. Studies have also shown that weakly acidic reflux plays a role in reflux-induced cough. 6, 7 Increased esophageal exposure to acid associated with esophageal dysmotility has been identified in patients with extraesophageal symptoms. [8] [9] [10] Most studies using traditional manometric techniques have identified associations between ineffective esophageal motility (IEM) and both long exposure time and poor clearance of reflux events. The current Chicago Classification 11 and Lyon Consensus 12 listed more details regarding esophageal dysmotility as assessed by esophageal high-resolution manometry (HRM); however, HRM has infrequently been used to assess GERD with CC.
An esophageal-tracheobronchial reflex mediated by afferent nerves in the distal esophagus, defined as reflex theory, is another possible explanation for the relationship between GERD and CC.
Enhanced cough reflex sensitivity and neurogenic airway inflammation are associated with reflux-induced cough. [13] [14] [15] However, few ambulatory data have been published.
Accurate diagnosis of reflux-associated CC is challenging, one problem being identification of the refluxate's properties. Esophageal pH monitoring does not detect all gastroesophageal events, particularly when the refluxate is weakly acidic or non-acidic. Combined esophageal pH-impedance monitoring is a new means of detecting and classifying reflux events into acidic, weakly acidic, and nonacidic reflux. 16 Another unresolved problem is establishment of a causal relation between reflux and cough. The most frequently used indicator is symptom association probability (SAP), 17 which indicates whether or not the relationship between reflux and perceived symptoms is random. 18 However, the recorded time of cough may not coincide exactly with when it occurred and symptoms occurring during sleep may be omitted. Therefore, a new objective method for recording cough is needed. Ambulatory pH-impedance-pressure monitoring has been used in a few studies to record occurrence of cough, a 2-minute time window being used to assess the temporal association between reflux and cough in patients with unexplained CC. [19] [20] [21] [22] However, there are still several unanswered questions, such as why some patients with GERD have chronic cough while others do not and whether esophageal dysmotility plays a crucial role in inducing reflux-associated cough.
Therefore, the aims of our study were to (a) compare the reflux characteristics of patients of GERD with and without CC; (b) identify ambulatory esophageal motility changes around reflux and coughing paroxysms; and (c) identify a subset of patients with GERD and CC who might benefit from anti-acids and/or prokinetics.
| MATERIAL S AND ME THODS

| Participants
Consecutive patients (18-65 years old) with typical reflux symptoms (heartburn and/or regurgitation) for more than 3 months were enrolled in a tertiary gastroenterology clinic in Peking Union Medical College Hospital, China, from October 2014 to October 2015. All patients had experienced mild reflux symptoms for at least 2 days per week or moderate/severe reflux symptoms for more than 1 day per week during the previous month. The frequency and degree of reflux symptoms were recorded and reflux symptom scores were used to assess severity of reflux symptom. Patients with peptic ulcer, malignancy, severe systemic disease, history of upper gastrointestinal surgery, or pregnancy were excluded from the study.
The typical GERD patients were then divided into two subgroups according to whether they had CC during the course of GERD: a GERD with CC (GERD-CC group) and a GERD without CC (GERD group). CC was defined as cough persisting for more than 8 weeks, After enrollment, all participants underwent gastroscopy unless they had undergone gastroscopy within the previous month. They were diagnosed as having either erosive esophagitis (EE), which was classified according to the Los Angeles (LA) classification or non-erosive reflux disease (NERD), that is, without esophageal mucosal erosions.
All participants provided written informed consent. This study was approved by the Ethics Committee of Peking Union Medical College Hospital (No. JS-829).
| Ambulatory pH-impedance-pressure monitoring
All participants underwent 24-hour ambulatory pH-impedancepressure monitoring, which was achieved through two catheters, a Each participant was supplied with three standard nutritious test meals by the diet center of our hospital. During the 24-hours of measurement, only the test meals and water were consumed. The participants were instructed to note down times of reflux symptoms, meals, and sleep and were encouraged to maintain their normal activities throughout recording. All participants tolerated and completed the measurements.
| Data analysis
| Assessment of reflux symptoms
Reflux symptoms during the previous month were scored as de- 
| Reflux variables
Gastroesophageal reflux (GER) variables were analyzed by an MMS Solar GI acquisition system from recorded pH-impedance data.
Esophageal acid reflux was defined as pH < 4 and expressed as acid exposure time (AET) in minutes and durations of acid reflux episodes.
Acid exposure lasting ≥5 minute was defined as prolonged acid reflux. Severity of acid reflux was expressed as DeMeester scores. 24 In accordance with the Lyon Consensus, 12 AET >6% or more than 80 impedance-detected reflux episodes was considered conclusive evidence for pathologic reflux. Impedance-detected reflux was classified on the basis of pH monitoring data as acidic reflux when pH < 4, weakly acid reflux when pH 4-7, and non-acidic reflux when pH > 7. Distal reflux was defined as reflux limited to within 19 cm of the LES, proximal reflux as reflux reaching further than 19 cm from the LES, and high reflux as reflux reaching further than 26 cm from the LES.
| Esophageal motility and cough
Esophageal peristalsis was identified as primary or secondary peristalsis according to its association with swallowing during ambulatory pressure monitoring. Primary peristalsis is peristalsis induced by swallowing and transporting of boluses inside the esophagus, whereas secondary peristalsis is triggered by various intra-esophageal stimuli (ie, refluxate in this study) in the absence of swallowing. 25, 26 In this study, we identified those peristalsis as primary in which the bolus F I G U R E 1 Positions of electrodes of the ambulatory pHimpedance-pressure monitoring system. Red spot: pH electrodes; grey loop: impedance electrodes; black spot: pressure sensors. The values in the figure refer to the distance from the upper border of the lower esophageal sphincter entry at each specific level obtained at the 50% point between 3 seconds pre-swallow impedance baseline and impedance nadir during bolus presence and bolus exit determined as return to this 50% point on the impedance-recovery curve. 27 We detected swallows to distinguish primary from secondary peristalsis by deglutitive impedance gradient and impedance traces. There was no impedance change at the most proximal impedance electrode when secondary peristalsis happened. We analyzed primary and secondary peristalsis only during the longest period of acid reflux in each patient.
Further, ineffective peristalsis, 28, 29 also called ineffective esophageal motility (IEM), was defined as contraction amplitude of P1 and P2 in the proximal esophagus <12 mm Hg or that of P3 and P4 in the distal esophagus <25 mm Hg, or antiperistalsis or synchronous contraction occurred in two or more channels during ambulatory pressure monitoring.
A cough was defined as a rapid, short duration, simultaneous pressure peak with time to peak <1 second 19, 21 and with the same pressure configuration at all intra-esophageal recording sites on ambulatory esophageal manometry. A coughing paroxysm was defined as two or more rapid simultaneous pressure peaks within 3 seconds.
Only coughing paroxysms were analyzed in this study.
| Association between reflux and coughing paroxysms
Coughing paroxysms were considered related to a reflux episode if they occurred within 2 minutes of a reflux episode. 19, 20 Coughing paroxysms within 2 minutes after the onset of a reflux episode were considered reflux-cough episodes (Figure 2A ). Reflux episodes occurring within 2 minutes after a coughing paroxysm were defined as cough-reflux episodes ( Figure 2B ). When there was more than 2 minutes between a reflux episode and coughing paroxysm, they were defined as being unrelated. 
| Statistical analysis
| RE SULTS
| Patient cohort
The study cohort comprised 78 patients with GERD, 31 of whom had CC and were accordingly assigned to the GERD-CC group, the remaining 47 (without CC) being assigned to the GERD group.
Relevant patient characteristics were shown in Table 1 . There were no significant differences in gender, age, bodyweight, height, and body mass index between the two groups.
| Gastroesophageal reflux characteristics according to CC status
The patients in the GERD-CC group had significantly higher reflux symptom scores than those in the GERD group (P = .007). Gastroscopy showed no esophageal erosion (NERD) in 25 patients (80.6%) in the GERD-CC group and in 34 patients (72.3%) in the GERD group (Table 2) . Five patients in GERD-CC group had LA-A and one LA-B esophagitis, whereas six, two, three, and two patients in the GERD group had LA-A, LA-B, LA-C, and LA-D esophagitis, respectively.
Patients in the GERD-CC group had significantly longer AET (P = .03), more frequent acid reflux episodes (P = .02) and higher DeMeester scores (P = .07) than those in the GERD group (Table 2) .
However, there was no significant difference in AET >6% (25.8% vs 29.8%), AET <4%, or AET 4%-6% between the two groups ( Table 2) .
Even though the rates of AET >6% were relatively low in both groups, more than 80 reflux episodes were detected by impedance in those patients with AET <6%, indicating that all enrolled patients had objective evidences of gastroesophageal reflux.
According to pH-impedance, patients in the GERD-CC group had significantly more reflux episodes and proximal reflux episodes than those in the GERD group (both P < .05, Table 2 ). There were no significant differences in numbers of distal reflux (P = .084) or high-reflux episodes between the two groups. The refluxates were acidic in 63.3% (13) 53.2% (25) .330 of high-reflux episodes in the GERD-CC group, which is significantly higher than 49.2% in the GERD group (P = .005, Figure 3 ). However, the percentage of acidity in distal and proximal reflux did not differ markedly between the two groups (P = .73 and P = .84, respectively).
TA B L E 1 Relevant patient characteristics
Episodes
| Esophageal motility according to CC status
Synchronous ambulatory esophageal manometry detected 366 peristalsis waves during 78 prolonged acid reflux episodes. In the GERD-CC group, 145 primary peristalsis and 67 secondary peristalsis waves occurred during the longest acid reflux episodes of each patient, whereas in the GERD group 110 primary peristalsis and 44 secondary peristalsis waves occurred during the longest acid episodes (Table 3) .
IEM, presenting as low pressure in both distal and proximal esophagus, occurred significantly more commonly during primary peristalsis ( Figure 4A ) in the GERD-CC than in the GERD group (P < .001, Table 3) , whereas low pressure in the distal esophagus was more common in the GERD group (P < .01). As for secondary peristalsis, IEM, mostly presenting as low pressure in the distal esophagus, was more common in the GERD than GERD-CC group; however, in the GERD-CC group, 63.9% of IEM presented as synchronous contraction ( Figure 4B ), significantly more frequently than in the GERD group (9.1%, P < .001). with weakly acidic reflux, and 6.6% with non-acidic reflux. Only one reflux-episode was associated with acidic high-extent reflux ( Figure 5 ).
| Characteristics of reflux-induced cough episodes
Also, we monitored 16 reflux-cough episodes in total of 823 proximal/high reflux while 47 reflux-cough episodes in total of 4120 distal reflux (2.00% vs. 1.14%, P < .05).
| Characteristics of cough-induced reflux episodes
We found that 20.6% of the 63 cough-reflux episodes that induced reflux were acidic reflux, 60.3% weakly acidic, and 19.1% non-acidic. were proximal extent reflux, 61.5% of the refluxates being weakly acidic. No high-extent reflux was recorded as associated with cough ( Figure 5 ).
| D ISCUSS I ON
The relationship between gastroesophageal reflux and chronic cough is complex. Although there have been many studies and consensus has been reached on reflux-cough syndrome, it is still difficult to diagnose reflux-induced cough in an individual. Most previous studies [19] [20] [21] [22] have focused on individuals with unexplained coughs and investigated the effects of reflux on cough. In contrast, we enrolled patients with GERD in our study and explored the differences between those with and without cough. We found that patients with GERD-CC had more severe reflux episodes and proximal extent reflux than did GERD patients without CC, and that most high-extent reflux is acidic. Proximal acid reflux and distal reflux jointly contribute to inducing reflux-induced coughing in patients with GERD.
Esophageal dysmotility, especially pan-esophageal low pressure during primary peristalsis and synchronous contraction during secondary peristalsis, play important roles in GERD-associated CC.
One important hypothesis concerning the mechanism of reflux-induced cough is that proximal reflux and micro-aspiration of gastric refluxate stimulate coughing by direct irritation of the respiratory tract. Previous studies have found that proximal acid reflux 30 and aspiration of gastric contents (pepsin, bile acid, or lipid-laden macrophages) [31] [32] [33] can induce CC events. A recent study also found that volume clearance time and reflux burden play key roles in inducing coughing. 20 However, other studies 7, 34 Another hypothesis for reflux-cough episodes is stimulation of a vagal esophagobronchial reflex by reflux, triggering the cough reflex. Saline and acid infusion studies 35, 36 have shown that cough frequency and amplitude are greater with acid than saline; infusion of acid into the esophagus increases cough sensitivity in patients with GERD and cough. Also, decreases in distal reflux and coughs after anti-GERD therapy in patients with unexplained cough supports the distal-reflux reflex mechanism. 37 However, there is little evidence for transient distal reflux inducing cough or the associated reflux characteristics. We found distal reflux contributed to 74.6% of reflux-cough episodes, the refluxate being acidic in almost half and weakly acidic in 40.4%. We also tried to compare additional characteristics of distal reflux that did or did not cause cough, but failed because of the huge difference in frequency of these episodes (47 distal refluxes causing cough vs. 3735 distal refluxes not causing cough).
Esophageal dysmotility is another important mechanism in GERD. Ineffective esophageal motility 38, 39 and large breaks 10, 40 are associated with reflux-cough events. Meanwhile, long-term exposure to acid is negatively correlated with esophageal body motility. 41, 42 To the best of our knowledge, few studies have investigated esophageal motility during long-term acid reflux in individuals with CC and GERD. We found that most primary and secondary peristal- 26, 47 Our study has several limitations. Less than expected high-extent reflux was detected, this discrepancy possibly being attributable to F I G U R E 5 Characteristics of reflux in reflux-induced cough and cough-induced reflux episodes in patients with GERD-CC. Note: n refers to the number of refluxinduced coughing paroxysms or coughinduced reflux episodes, not number of patients; values in the figures refer to the number of episodes and percentage (n, %) the high position of impedance loops (26 cm above the LES being defined as high extent in our study as compared with 15 cm above the LES being considered proximal, but not high-extent reflux in a previous study). 30 The highest pressure sensor was located 20 cm above LES, which could not detect swallows directly, so we used the impedance curve to identify the primary peristalsis. Another limitation was the relatively small sample size and small number of coughing paroxysms during which we recorded dynamic esophageal peristalsis. We only analyzed esophageal motility during the longest acid reflux episode of each patient, not during all prolonged episodes of long acid reflux. Moreover, we did not record and analyze selfreports of cough symptom by patients; however, there have been some studies on the relationship between cough symptoms and reflux events. 14, 15 
| CON CLUS IONS
In this study comparing patients with GERD with and without CC, we found that those with GERD-CC had more severe reflux episodes and proximal extent reflux and that most high-extent reflux was acidic. Proximal acid reflux and distal reflux-reflex jointly contributed to occurrence of reflux-induced cough in patients with GERD. Low pan-esophageal pressure during primary peristalsis and synchronous contraction during secondary peristalsis during prolonged acid reflux play important roles in patients with GERD and CC. Thus, ambulatory pH-impedance-pressure monitoring may provide diagnostic and therapeutic evidence in patients who have failed PPI therapy, assisting optimization of PPI and/or indicating addition of prokinetic therapy in those with GERD-CC and obvious dysmotilities, thus enhancing the integrated treatment in this subset of patients.
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